Ameloblastin (AMBN), also known as amelin or sheathlin, is the most abundant non-amelogenin enamel matrix protein[@b1][@b2][@b3]. As shown in AMBN-null mice, AMBN is important for the attachment, polarity, proliferation, and differentiation of ameloblasts[@b4]. The heparin binding domains of AMBN, in particular, play an essential role in cell attachment[@b5]. Moreover, AMBN is expressed in osteoblasts during craniofacial bone development[@b6] and in mesenchymal cells[@b7], suggesting a novel role for AMBN in early bone formation and repair. Furthermore, our previous studies demonstrated that AMBN induces osteogenesis via the AMBN-CD63-integrin β1-src pathway and suppresses Src activity in osteosarcoma cell lines[@b8].

Osteosarcoma is a high-grade malignant bone tumor, which predominantly affects adolescents and young adults. Doxorubicin is commonly used as a chemotherapy drug for osteosarcoma, in combination with surgical treatment. However, pulmonary metastasis and recurrence lead to poor prognosis[@b9], and the five-year survival rate of patients with osteosarcoma remains around 60--70%[@b10]. Although our understanding of the molecular basis of osteosarcoma has advanced in recent decades, a breakthrough for treatment has not yet been achieved.

The Src family kinase (SFK) protein, Src kinase, regulates a number of cellular functions, including proliferation, survival, migration and invasion[@b11]. Because Src is constitutively activated in osteosarcoma, dasatinib, a small-molecule inhibitor of Src kinase activity, suppresses migration and invasion, and induces apoptosis in osteosarcoma cells[@b12]. Signal transducer and activator of transcription 3 (Stat3) is a transcription factor that regulates proliferation, survival, and angiogenesis[@b13][@b14][@b15]. Activated Stat3 is also important for cell migration and invasion[@b16][@b17], and in S3--54, a small molecule compound targeting the Stat3 DNA-binding domain, suppresses migration and invasion in cancer cells[@b18]. Stat3 is constitutively activated and essential for the growth and survival of osteosarcoma[@b19]. Furthermore, Stat3 is activated by Src and contributes to oncogenesis by Src[@b20]. The Src-Stat3 pathway is persistently activated in osteosarcoma, so inhibitors of both Src and Stat3 induce caspase-3 mediated apoptosis of osteosarcoma cells[@b21]. Therefore, we hypothesized that AMBN functions as a tumor suppressor in osteosarcoma through the inhibition of Src and its downstream Stat3 activities. This hypothesis is supported by previous findings that (i) tumor formation occurs in AMBN knockout mice[@b4], and (ii) AMBN prevents odontogenic tumor development by suppressing cell proliferation and by maintaining cells in a differentiated state through a mechanism that involves Msx2, p21, and p27 (ref. [@b5]). However, the precise function of AMBN in tumors is still unclear. Here, we examined the tumor suppressive role of AMBN in osteosarcoma cells.

Results
=======

AMBN induces apoptosis and sensitivity to doxorubicin through the inactivation of Src-Stat3 pathway in osteosarcoma cells
-------------------------------------------------------------------------------------------------------------------------

First, AMBN expression among human osteosarcoma cell lines was examined. AMBN expression was high at the mRNA and protein level in NOS-1 cells in association with the expression of osteogenic markers (Runt-related gene 2: RUNX2, Alkaline phosphatase: ALP, Osteocalcin: OCN), while AMBN expression was low in SaOS-2, U2-OS and 143B-Luc cells ([Fig. 1A](#f1){ref-type="fig"}). To elucidate the role of AMBN in osteosarcoma cells, we examined the effects of AMBN overexpression in stably transfected 143B-Luc cells that originally lacked AMBN expression, hereafter referred to as AMBN-stable 143B-Luc cells. Consistent with previous results using SaOS-2 cells[@b8], and similar to NOS-1 cells which highly express AMBN, AMBN-stable 143B-Luc cells showed high expression of the osteogenic markers (ALP and OCN) ([Fig. 1B](#f1){ref-type="fig"}). We found that cell growth was markedly suppressed in AMBN-stable 143B-Luc cells compared to control cells ([Fig. 1C](#f1){ref-type="fig"}). We compared the cell cycle distribution of AMBN-stable 143B-Luc cells to that of control cells using FACS analysis. We found that the G1-cell population decreased and the Sub G1-cell population significantly increased in AMBN-stable 143B-Luc cells, and that the apoptotic cell ratio, as detected by Annexin V/7-AAD staining, increased ([Figs 1D--F](#f1){ref-type="fig"} and [S1A](#S1){ref-type="supplementary-material"}). Expression of cleaved caspase-3 was strikingly enhanced in AMBN-stable 143B-Luc cells ([Fig. S1B](#S1){ref-type="supplementary-material"}). Since AMBN induced apoptosis in osteosarcoma cells, we hypothesized that AMBN-stable 143B-Luc cells would be more sensitive to doxorubicin, which is generally used as a chemotherapy drug for osteosarcoma. As expected, treatment with doxorubicin for 48 h reduced the number of attached AMBN-stable 143B-Luc cells compared to that of control cells, in a dose-dependent manner ([Fig. 1G](#f1){ref-type="fig"}). Furthermore, a higher percentage of the doxorubicin treated, AMBN-stable 143B-Luc cells population (approximately 70%) was apoptotic than the percentage of doxorubicin treated control cell population (approximately 40%) ([Fig. 1H,I](#f1){ref-type="fig"}). Moreover, expression of cleaved caspase-3 was strikingly enhanced by treatment with doxorubicin, but not with DMSO, in AMBN-stable 143B-Luc cells, while expression was only slightly enhanced in control cells treated with doxorubicin ([Fig. S1C](#S1){ref-type="supplementary-material"}). Because we previously found that AMBN induces osteogenic differentiation by inactivating Src[@b8], we confirmed that Src was inactivated (dephosphorylated at Y416) in AMBN-stable 143B-Luc cells ([Fig. 1J](#f1){ref-type="fig"}). Stat3 is known to affect cell survival and cell migration, and is activated by Src-dependent phosphorylation of tyrosine 705. Likewise, Stat3 activation was disrupted in AMBN-stable 143B-Luc cells and restored by induction of a constitutively active form of Src (Src-Y527F) ([Fig. 1K](#f1){ref-type="fig"}). We also tested whether the overexpression of Src-Y527F rescued the phenotype of AMBN-stable 143B-Luc cells. Ectopic Src-Y527F overexpression in AMBN-stable 143B-Luc cells significantly reduced the apoptotic cell ratio, disrupted expression of cleaved caspase-3 ([Fig. 1L](#f1){ref-type="fig"}). In addition, expression of cleaved caspase-3 in doxorubicin treated AMBN-stable 143B-Luc cells was abrogated by Src-Y527F overexpression ([Fig. 1M](#f1){ref-type="fig"}). Additionally, inducible plasmid was stably transfected into 143B-Luc and U2-OS cells (AMBN-inducible 143B-Luc and U2-OS cells), which induced AMBN expression after Cumate solution treatment. AMBN-inducible 143B-Luc cells showed cleaved caspase-3 expression, suppressed cell growth, induced sensitivity to doxorubicin and inactivated Src-Stat3 pathway ([Fig. S2A--E](#S1){ref-type="supplementary-material"}). We previously reported that CD63 was the receptor for AMBN and the AMBN-CD63-Integrin β1-Src axis induced osteogenic differentiation[@b8]. Therefore, the involvement of CD63 in the AMBN-Src-Stat3 axis was examined. As a result, CD63 was ubiquitously expressed among human osteosarcoma cell lines, and CD63 knockdown reactivated Stat3 in AMBN-inducible 143B-Luc cells ([Fig. S3A,B](#S1){ref-type="supplementary-material"}). Thus, AMBN-CD63-Integrinβ1-Src axis continues to Src-Stat3 pathway.

AMBN regulates apoptosis, sensitivity to doxorubicin, colony formation and cell migration through the inactivation of Src-Stat3 pathway in osteosarcoma cells
-------------------------------------------------------------------------------------------------------------------------------------------------------------

More phenotypes in AMBN-stable and AMBN-inducible 143B-Luc cells were examined. Colony formation, determined by colony number and size in soft-agar colony formation assays, and cell migration, determined by wound healing assays, were inhibited in AMBN-stable and AMBN-inducible 143B-Luc cells ([Figs 2A,B](#f2){ref-type="fig"} and [S4](#S1){ref-type="supplementary-material"}). Also, ectopic Src-Y527F overexpression in AMBN-stable 143B-Luc cells enhanced colony formation ([Fig. 2C](#f2){ref-type="fig"}) and cell migration ([Fig. 2D](#f2){ref-type="fig"}). Moreover, the treatment of control 143B-Luc cells with the Src inhibitor, SU6656, recapitulated the phenotype of AMBN-stable 143B-Luc cells. In particular, treatment of 143B-Luc cells with this inhibitor suppressed Src and Stat3 activation and induced the expression of cleaved caspase-3, and sensitivity to doxorubicin with markedly enhanced expression of cleaved caspase-3 ([Fig. 2E](#f2){ref-type="fig"}). SU6656 also suppressed both cell migration ([Fig. 2F](#f2){ref-type="fig"}) and colony formation ([Figs 2G](#f2){ref-type="fig"} and [S5A](#S1){ref-type="supplementary-material"}). The treatment of control 143B-Luc cells with Stat3 inhibitor, S3I-201, also induced apoptosis, sensitivity to doxorubicin, suppressed cell migration and colony formation ([Figs 2H--J](#f2){ref-type="fig"} and [S5B](#S1){ref-type="supplementary-material"}). Taken together, these results suggest that AMBN induces caspase-3 mediated apoptosis, sensitivity to doxorubicin, and suppresses colony formation and cell migration through Src-Stat3 inactivation.

AMBN Knockdown rescues from apoptosis, promotes colony formation and cell migration through the activation of Src-Stat3 pathway in NOS-1 cells
----------------------------------------------------------------------------------------------------------------------------------------------

Stable knockdown of AMBN in NOS-1 cells was performed using shRNA transfection, which reduced the expression of AMBN at the mRNA and protein levels in association with the reduction of cleaved caspase-3, the activation of Src and Stat3, and the suppression of osteogenic markers (RUNX2, ALP and OCN) ([Fig. 3A](#f3){ref-type="fig"}). Treatment of shAMBN2 NOS-1 cells with SU6656 suppressed Src and Stat3 activation and induced sensitivity to doxorubicin with markedly enhanced expression of cleaved caspase-3 ([Fig. 3B](#f3){ref-type="fig"}). Also, stable knockdown of AMBN in NOS-1 cells significantly promoted cell proliferation, migration and colony formation, and treatment of shAMBN2 NOS-1 cells with SU6656 suppressed these phenotypes in dose-dependent manner ([Figs 3C--E](#f3){ref-type="fig"} and [S6A,B](#S1){ref-type="supplementary-material"}). Moreover, treatment of shAMBN2 NOS-1 cells with S3I-201 suppressed Stat3 activation, induced sensitivity to doxorubicin with significantly enhanced expression of cleaved caspase-3 and inhibited cell proliferation, migration and colony formation ([Figs 3F--I](#f3){ref-type="fig"} and [S6C,D](#S1){ref-type="supplementary-material"}).

AMBN suppresses tumor growth and pulmonary metastases of osteosarcoma cells *in vivo*, and AMBN expression correlates with pulmonary metastases in clinical osteosarcoma cases
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

We used 143B-Luc cells for *in vivo* experiments because these cells originally were generated by transformation of HOS cells, one of the human osteosarcoma cell lines, via the retroviral oncogene v-Ki-ras, and because these cells have high tumorigenicity and metastatic potential to lung[@b22]. The AMBN-pcDNA3.1 plasmid or the empty vector was transiently transfected into 143B-Luc cells. Then, approximately 1.5 × 10^6^ cells were injected into the right hind leg of five-week-old male athymic nude mice at day 0. After 28 days, a luciferase signal was detected in primary tumors and pulmonary metastases ([Fig. 4A](#f4){ref-type="fig"}). The tumors of the AMBN-overexpressing group showed slightly lower luciferase activity in the primary tumor site (no significant difference) and significantly lower tumor volume than that of control group ([Fig. 4B,C](#f4){ref-type="fig"}). Interestingly, the tumors of the control group, but not of the AMBN-overexpressing group, destroyed the leg bone ([Fig. S7A](#S1){ref-type="supplementary-material"}). All tumors of the control group metastasized to the lung, whereas only one tumor of the AMBN-overexpressing group metastasized to the lung ([Fig. 4D](#f4){ref-type="fig"}). Hematoxylin and eosin (HE) staining of pulmonary metastasis from the control group is shown in [Fig. 4D](#f4){ref-type="fig"}. The average luciferase activity in pulmonary metastases of the AMBN-overexpressing tumors was markedly lower than that of control tumors ([Fig. 4E](#f4){ref-type="fig"}).

We also injected approximately 1.5 × 10^6^ cells of the control cells and the AMBN-stable 143B-Luc cells into the right hind knee of five-week-old male athymic nude mice, and all mice were sacrificed at day 23. AMBN mRNA expression in tumors was confirmed by RT-PCR ([Fig. S7B](#S1){ref-type="supplementary-material"}). The primary volume and weight of tumors collected from the AMBN-stable group were significantly reduced compared to those of tumors from the control group ([Fig. S7B--D](#S1){ref-type="supplementary-material"}). The number of metastatic foci in the lung was also significantly reduced in the AMBN-stable group ([Fig. S7E](#S1){ref-type="supplementary-material"}). Relatively more necrotic area was observed in the primary tumor in AMBN-stable group ([Fig. S7F](#S1){ref-type="supplementary-material"}). These results suggest that ectopic overexpression of AMBN inhibits primary tumor growth and pulmonary metastases of osteosarcoma *in vivo*.

Finally, We assessed AMBN expression in human primary osteosarcoma cases and its correlation with lung metastasis and prognosis. Thirty-seven biopsy samples of primary osteosarcoma were used ([Table S1](#S1){ref-type="supplementary-material"}). We checked the specificity of an AMBN antibody in ameloblasts of odontoma. The antibody specifically recognized AMBN in ameloblasts (indicated by arrows) and AMBN that was secreted into enamel (indicated by "E") ([Fig. 4F](#f4){ref-type="fig"}). Using this antibody, we examined AMBN expression in primary osteosarcoma cases using immunohistochemical analysis. AMBN was clearly detected in the cytoplasm of osteosarcoma cells. Positive AMBN expression was observed in 16 out of 37 osteosarcoma cases ([Fig. 4F](#f4){ref-type="fig"} and [Table 1](#t1){ref-type="table"}). Pulmonary metastasis was observed in 1 out of 16 (6.3%) cases with positive AMBN expression, and in 7 out of 21 (33.3%) cases that lacked AMBN expression ([Fig. 4G](#f4){ref-type="fig"} and [Table 1](#t1){ref-type="table"}). Interestingly, osteosarcoma cases with positive AMBN expression showed better prognosis than those without ([Fig. 4H](#f4){ref-type="fig"}), but the difference in prognosis was not statistically significant as determined by Log-rank test.

Discussion
==========

AMBN is a cell adhesion molecule that suppresses proliferation and maintains the differentiated phenotype of ameloblasts[@b4][@b5]. Fisher *et al*. proposed the grouping of calcium-binding phosphoproteins of teeth and bone into the small integrin-binding ligand, N-linked glycoproteins (SIBLINGs) family, including bone sialoprotein/BSP, osteopontin/OPN, dentin matrix protein 1/DMP1, dentin sialophosphoprotein/DSPP, matrix extracellular phosphoglycoprotein/MEPE, and enamelin/ENAM[@b23][@b24]. Moreover, Kawasaki and Weiss proposed the grouping of the secretory calcium-binding phosphoprotein (SCPP) gene family, including the dentin/bone or acidic SCPPs and the milk/saliva/enamel SCPPs[@b25][@b26]. SCPPs are all secretory proteins and bind to calcium ions with their phospho-Ser residues. All of the human SCPP genes, except for Amelogenin, are clustered on the long arm of human chromosome 4, and AMBN is also located on human chromosome 4 as a member of milk/saliva/enamel SCPPs, next to the dentin/bone or acidic SCPPs (SIBLINGs)[@b25][@b26][@b27]. Therefore, AMBN was expected to be involved in osteogenesis. Using osteosarcoma cell lines, we previously found that AMBN induces osteogenic differentiation through the AMBN-CD63-Integrin β1-src axis[@b8]. Additionally, structural calculations of human and mouse AMBN allowed identified the CD63-interaction domain[@b28].

Here, we have demonstrated that AMBN induced apoptosis and doxorubicin sensitivity, and suppressed colony formation and cell migration in osteosarcoma cells via inactivation of the Src-Stat3 pathway. Stat3 is activated by Src-mediated phosphorylation at Y705. Activated Stat3 forms homodimers and is transferred into the nucleus, where it promotes the transcription of target genes required for cell growth, survival, and migration[@b13][@b14][@b15][@b16][@b17][@b20]. Src and Stat3 are constitutively activated and have oncogenic roles in human osteosarcoma[@b21]. In this study, the activation of Src-Stat3 signaling was observed among all tested human osteosarcoma cell lines, except NOS-1 cells that highly express AMBN ([Fig. 1A](#f1){ref-type="fig"}). Furthermore, Stat3 is constitutively activated in osteosarcoma, rhabdomyosarcoma, and other soft-tissue sarcomas, and the Stat3 inactivation pathway results in apoptosis through the cleavage of caspase-3[@b19]. In a separate study, IL-6-dependent Stat3 activation in mesenchymal stem cell-derived osteosarcoma cells protects tumor cells from drug-induced apoptosis, and promoted proliferation and metastasis[@b29]. In this study, we found that inactivation of the Src-Stat3 pathway by AMBN overexpression induced caspase-3 mediated apoptosis and doxorubicin sensitivity, and suppressed colony formation and cell migration. In a previous study, AMBN inhibited proliferation of odontogenic tumor cells through the up-regulation of p21 and p27[@b5]; therefore, we also analyzed the relation between AMBN and p21 in osteosarcoma. In contrast to previous reports, we found that AMBN-stable 143B-Luc cells did not arrest at the G1 phase of the cell cycle ([Fig. 1D](#f1){ref-type="fig"}). Up-regulation of the Cdk inhibitors, p21 and p27, inhibits G1 to S phase progression of the cell cycle via hypophosphorylation of pRb. Moreover, mutations in *RB1* (70--90% of cases), as well as in *TP53* (50--70% of cases), are highly associated in human osteosarcoma[@b30][@b31][@b32], and SaOS-2 cells also lack functional pRb expression[@b33]. Thus, the importance of p21 and p27 as tumor suppressors in osteosarcoma is still unclear[@b34] and AMBN is thought to act independent of p21 and p27 in osteosarcoma.

We previously demonstrated that binding of AMBN to CD63-Integrin β1 induces the inactivation of Src[@b8], suggesting that AMBN induces inactivation of the Src-Stat3 pathway via the AMBN-CD63-Integrin β1-Src axis. Importantly, in this study we demonstrated that in cases of osteosarcoma with positive AMBN expression, there are lower frequency of pulmonary metastases and better prognosis ([Fig. 4G,H](#f4){ref-type="fig"} and [Table 1](#t1){ref-type="table"}). Pulmonary metastasis and osteosarcoma recurrence remain the major causes of mortality in osteosarcoma. Therefore, we suggest that the inactivation of the Src-Stat3 pathway by AMBN, combined with conventional doxorubicin treatment, can be a therapeutic modality for osteosarcoma. AMBN is a secreted protein, which may be an advantage for clinical use.

While a well-differentiated osteosarcoma generally is classified as a low-grade tumor, dedifferentiated tumors usually fall into the high-grade category[@b35]. Therefore, loss of differentiation has a powerful influence on the prognosis of osteosarcoma. Moreover, recent investigations have focused on the therapeutic potential of differentiation inducing molecules, because lack of terminal differentiation may be responsible for osteosarcoma tumorigenesis[@b36]. Since AMBN induces osteogenic differentiation of osteosarcoma cells[@b8], it is possible that AMBN acts antagonistically to the oncogenic process through the induction of osteogenic differentiation, and through the suppression of survival and migration.

Mutant mice expressing a truncated form of AMBN lacking portions of the protein encoded by exons 5 and 6 develop soft tissue tumors in the buccal vestibule of the maxilla with age[@b4], and AMBN plays an important role in preventing odontogenic tumor development by suppressing cell proliferation[@b5]. Therefore, the complete loss of AMBN in the bone tissue, which originally expresses AMBN, may induce osteosarcoma development. It would be intriguing to examine AMBN full-knockout mice.

In this study, we determined the underlying molecular mechanisms of a novel function for AMBN in osteosarcoma; stable overexpression of AMBN inactivated the Src-Stat3 axis and subsequently induced caspase-3 mediated apoptosis and sensitivity to doxorubicin, while inhibiting colony formation, cell migration, tumor growth and pulmonary metastases. These activities led to better prognosis for osteosarcoma and to the reduction of pulmonary metastasis ([Fig. 4I](#f4){ref-type="fig"}). Osteosarcoma with pulmonary metastases still shows a poor prognosis; therefore, AMBN can be a useful prognostic marker and a target for the treatment of the patients with osteosarcoma when combined with conventional doxorubicin treatment.

Materials and Methods
=====================

Reagents and antibodies
-----------------------

An expression vector encoding the constitutively active, mutant form of Src (Src-Y527F) was donated by Addgene, Inc. (Cambridge, MA). Commercial antibodies were purchased from the following suppliers: anti-AMBN polyclonal antibody and anti-CD63 (MX-49.129.5) monoclonal antibody from Santa Cruz Biotechnology (Dallas, TX); anti-β-actin monoclonal antibody and anti-FLAG monoclonal antibody (M2) from Sigma (St. Louis, MO); and anti-cleaved caspase-3 polyclonal antibody, anti-Src polyclonal antibody, polyclonal antibody specific to phospho-Tyr416 Src, anti-Stat3 polyclonal antibody, and polyclonal antibody specific to phospho-Tyr705 Stat3 from Cell Signaling Technology (Danvers, MA). Commercial reagents were purchased from the following suppliers: doxorubicin from LC laboratories (Woburn, MA); Z-DEVD-FMK from Medical and Biological Laboratories Co., LTD. (Aichi, Japan). SU6656 and S3I-201 were purchased from Sigma (St. Louis, MO).

Cell lines
----------

Human osteosarcoma cell lines (NOS-1, SaOS-2, U2-OS) were provided by Cell Bank, RIKEN BioResource Center (Ibaraki, Japan). For *in vitro* and *in vivo* experiments, a human osteosarcoma cell line, 143B-Luc, which is a luciferase-expression clone of 143B[@b22], was provided by Dr. Takahiro Ochiya (National Cancer Center Research Institute Tokyo, Japan). They were cultured in the medium described previously[@b8].

Cell growth
-----------

Cells (5.0 × 10^3^) were plated onto a 24-well multi-well plate (Falcon, Franklin Lakes, NJ) and allowed to attach for 24 h. The culture medium was replaced with fresh medium, and the trypsinized cells were counted using a Coulter Z1 Cell Counter (Beckman Coulter, Inc., Brea, CA) at days 0, 1, 3, and 5.

Flow cytometric analysis
------------------------

Flow cytometric analysis was carried out as described previously[@b37].

Annexin V and 7-AAD dual-staining assay
---------------------------------------

Annexin V and 7-AAD dual-staining assay was performed as described previously[@b37].

Soft-agar colony formation assay
--------------------------------

Cells (2.0 × 10^4^) were mixed with Dulbecco's modified eagle medium (DMEM) (Nissui, Tokyo, Japan) containing 0.36% agar, plated into 6-well multi-well plate, and cultured for 7days. The colonies larger than 25 μm in diameter were counted.

RT-PCR
------

RT-PCR was carried out as described previously[@b8]. The primer sequences for human AMBN, RUNX2, ALP, OCN, and GAPDH were described previously[@b8].

Western blot analysis
---------------------

Western blotting was carried out as described previously[@b8]. Twenty micrograms of protein was subjected to 10% polyacrylamide gel electrophoresis and then electroblotted onto a nitrocellulose filter. For detection of the immunocomplex, the ECL western blotting detection system (GE Healthcare, Tokyo, Japan) was used.

Transfection and selection
--------------------------

Cell transfection was performed using Lipofectamine 3000 Reagent (Thermo Fisher Scientific, Waltham, MA) according to the manufacture's instruction. AMBN-pcDNA3.1 plasmid into 143B-Luc cells, and the cells were treated with Zeocin (16.7 μg/mL; Invitrogen) for 2--3 weeks and some clonal colonies were selected and isolated, then stably AMBN overexpressing 143B-Luc cells were established. Also, AMBN was subcloned into a inducible vector, PBQM812A-1 (System Biosciences, LLC, Palo Alto, CA). And AMBN-inducible plasmid was transfected into 143B-Luc cells, and the cells were treated with puromycin (0.5 μM, Wako Pure Chemical Industries, Ltd., Osaka, Japan) for 2--3 weeks and some clonal colonies were selected and isolated, then stably AMBN-inducible 143B-Luc cells were established. The cells were treated with Cumate solution (150--300 μg/mL, PBQM100A-1, System Biosciences, LLC, Palo Alto, CA) for 3 days, then AMBN expression was confirmed by western blot analysis.

Silencing by shRNA
------------------

PBSI505A-1 vector (System Biosciences, LLC, Palo Alto, CA) was used for knockdown experiment. shRNA target sequences used for this study are as follows: shscramble, 5′-GTTCTCCGAACGTGTCACGT-3′, shAMBN1, 5′-CCAAATAGCCCGTTTGATTTC-3′, shAMBN2, 5′-CTGAATTAGCTGATGTTTATA-3′, shCD63, 5′-GCTATGTGTTTAGAGATAAGG-3′. The plasmids were transfected into NOS-1 cells and cultured with puromycin (0.5 μM) for 2--3 weeks, then some colonies were isolated and cultured, finally shscramble, shAMBN1 and shAMBN2 NOS-1 cells were established. Knockdown efficacy was confirmed by RT-PCR and Western blot analysis.

Wound healing assay
-------------------

For the wound healing experiment, cells were seeded on 6-well plates and allowed to grow to complete confluence. Subsequently, a plastic pipette tip was used to scratch the cell monolayer to create a cleared area, and the wounded cell layer was washed with fresh media to remove loose cells. Immediately after the wounding (0 h) and after incubation of the cells at 37 °C for 5 h, phase-contrast images (10 × field) of the wound healing process were digitally acquired with an inverted microscope. The wound area was measured by Image J software, set at 100% for 0 h, and the mean percentage of the total area was calculated.

Tissue samples
--------------

Osteosarcoma tissue samples were retrieved from the Surgical Pathology Registry of Hiroshima University Hospital. The informed consent was obtained from all subjects and all experimental protocols were approved by the Ethical Committee of Hiroshima University Hospital (registration number: E-8). All methods were carried out in accordance with the approved guidelines. Clinical data of 37 osteosarcoma cases, provided by the Orthopaedic Surgery Department of Hiroshima University Hospital, were used for the immunohistochemical analysis.

Immunohistochemical staining
----------------------------

Immunohistochemical detection of AMBN in the tissue samples was performed on 4.5-μm sections mounted on silicone-coated glass slides using a streptavidin-biotin peroxidase technique, as described previously[@b8]. For the immunohistochemical study, anti-AMBN polyclonal antibody was used.

Animal model
------------

Animal use and procedures were approved by Hiroshima University Research Facilities of Laboratory Animal Science. All methods were performed in accordance with the approved guidelines. Five-week-old male athymic nude mice (CLEA Japan, Shizuoka, Japan) were used. Under intraperitoneal anesthesia with 10% pentobarbital sodium (Somnopentyl^®^: 0.6 mL/kg, Schering-Plough Animal Health, USA), the anesthetized animals were injected with 1.5 × 10^6^ cells into the right hind leg on day 0. For *in vivo* imaging, the mice were intraperitoneally injected with [D]{.smallcaps}-luciferin (150 mg/kg; Promega). Ten minutes later, photon levels from luciferase was counted using NightOWL II LB 983 (Berthold technologies) according to the manufacturer's instructions. The data were analyzed using IndiGO2 (Berthold Technology). Bone erosion caused by the primary tumor was visualized using inspeXio SMX-90CT (Shimadzu). At the end of the experiment, the primary tumors and lungs were analyzed *in vivo* by bioluminescent imaging and also checked histologically.

Statistical analyses
--------------------

Data are presented as mean values ± SEM. Statistical analyses were conducted using Student *t* test, chi-squared test, or log-rank test. *P* \< 0.05 was considered significant.
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![AMBN induces apoptosis and sensitivity to doxorubicin through the Src-Stat3 pathway in osteosarcoma cells.\
**(A)** The expression of AMBN at the protein level and AMBN, RUNX2, ALP, and OCN at the mRNA level among human osteosarcoma cell lines is shown. **(B)** The expression of AMBN, RUNX2, ALP, and OCN at the mRNA level in control and AMBN-stable 143B-Luc cells was examined. **(C)** Cell growth was counted on days 0, 1, 3, and 5 (*N* = 3). **(D)** Cell cycle distributions were analyzed by PI staining and FACS, and quantified (*N* = 3). **(E)** The apoptotic cell ratio was analyzed by annexin-V/7-AAD staining and FACS, **(F)** and quantified (*N* = 3). **(G)** Control and AMBN-stable 143B-Luc cells were treated with doxorubicin at indicated concentration for 48 hours, then the cells attached on the dishes were counted and quantified (*N* = 3). **(H)** After the treatment with DMSO and doxorubicin (0.5 μg/mL) for 12 h, the apoptotic cell ratio was analyzed by annexin-V/7-AAD staining and FACS, **(I)** and quantified (*N* = 3). **(J)** The expression of pY416-Src and total-Src in control and AMBN-stable 143B-Luc cells after attachment on the culture dish (0, 30, 60 minutes) was examined. Relative expression of pY416-Src (Src activation) is shown. **(K)** Empty vector and Src-Y527F plasmid were transfected into control and AMBN-stable 143B-Luc cells, the expression of pY416-Src, total-Src, pY705-Stat3, total-Stat3 was examined. Relative expression of pY705-Stat3 (Stat3 activation) is shown. **(L)** Empty vector and Src-Y527F plasmid were transfected into AMBN-stable 143B-Luc cells, and the expression of pY416-Src, total-Src, and cleaved caspase-3 was evaluated (upper panel). The apoptotic cell ratio was analyzed by annexin-V/7-AAD staining and FACS, and the representative results are summarized (lower graph) (*N* = 3). **(M)** After the transfection of empty and Src-Y527F into control and AMBN-stable 143B-Luc cells, these cells were treated with DMSO and doxorubicin (0.5 μg/mL) for 24 h. The expression of cleaved caspase-3 was examined. Mean ± SEM (**C,D**,**F**,**G**,**I**,**L**); \*\*\**P* \< 0.001; \*\**P* \< 0.01; \**P* \< 0.05.](srep40187-f1){#f1}

![AMBN suppresses colony formation and cell migration through the Src-Stat3 pathway in osteosarcoma cells.\
**(A)** Colony formation was assessed by soft-agar colony formation assay and representative colonies are shown (upper panels). Quantification of colony number and size is shown (lower graphs) (*N* = 20). **(B)** Cell migration activity was examined by wound healing assay. Representative images at 5 h are shown (left panels) and wound areas were quantified (right graph) (*N* = 3). Original magnification of the left panels: ×100. **(C)** Empty vector and Src-Y527F plasmid were transfected into AMBN-stable 143B-Luc cells, colony formation was assessed and representative colonies are shown (upper panels). Quantification of colony number and size is shown (lower graphs) (*N* = 20). **(D)** Cell migration activity was examined. Representative images at 5 h are shown (left panels) and wound areas were quantified (right graph) (*N* = 3). Original magnification of the left panels: ×100. **(E)** 143B-Luc cells were pretreated with SU6656 at indicated concentration for 24 h. The pretreated 143B-Luc cells were subsequently treated with DMSO or doxorubicin (0.5 μg/mL) for 24 h and the expression of pY416-Src, total-Src, pY705-Stat3, total-Stat3, and cleaved caspase-3 was examined. **(F)** Cell migration activity of pretreated 143B-Luc cells was examined. Wound areas at 5 h were quantified in the graphs (*N* = 3). **(G)** Colony formation in pretreated 143B-Luc cells was analyzed and representative colonies were shown (upper panels). Quantification of colony number and size was shown (lower panels) (*N* = 20). **(H)** 143B-Luc cells were pretreated with S3I-201 at indicated concentration for 24 h. The pretreated 143B-Luc cells were subsequently treated with doxorubicin (0.5 μg/mL) for 24 h and the expression of pY705-Stat3, total-Stat3 and cleaved caspase-3 was examined. **(I)** Cell migration activity of pretreated 143B-Luc cells was examined. Wound areas at 5 h were quantified in the graphs (*N* = 3). **(J)** Colony formation in pretreated 143B-Luc cells was analyzed and representative colonies were shown (upper panels). Quantification of colony number and size was shown (lower panels) (*N* = 20). Mean ± SEM (**A--D,F,G,I**,**J**); \*\**P* \< 0.01; \**P* \< 0.05.](srep40187-f2){#f2}

![AMBN knockdown suppresses apoptosis, sensitivity to doxorubicin, and promotes cell migration and colony formation through the Src-Stat3 pathway in NOS-1 cells.\
(**A**) The expression of AMBN, RUNX2, ALP, and OCN at the mRNA level (left panel) and AMBN, pY705-Stat3, total-Stat3, pY416-Src, total-Src and cleaved caspase-3 at the protein level in shscramble, shAMBN1, and shAMBN2 NOS-1 cells was examined (right panel). (**B**,**F**) shAMBN2 NOS-1 cells were pretreated with SU6656 or S3I-201 at indicated concentration for 24 h. The pretreated shAMBN-2 NOS-1 cells were subsequently treated with DMSO or doxorubicin (0.5 μg/mL) for 24 h and the expression of pY416-Src, total-Src, pY705-Stat3, total-Stat3, and cleaved caspase-3 was examined. (**C**,**G**) shscramble and shAMBN-2 NOS-1 cells were treated with SU6656 o S3I-201 at indicated concentration and cell growth was counted on days 0, 1, 2, and 3 (*N* = 3). (**D**,**H**) Cell migration activity of pretreated shscramble and shAMBN-2 NOS-1 cells was examined. Wound areas at 5 h were quantified in the graphs (*N* = 3). (**E**,**I**) Colony formation in pretreated shscramble and shAMBN-2 NOS-1 cells was analyzed. Quantification of colony number (left panel) and size (right panel) was shown (*N* = 20). Mean ± SEM (**C--E**,**G--I**); \*\**P* \< 0.01; \**P* \< 0.05.](srep40187-f3){#f3}

![AMBN inhibits tumor growth and pulmonary metastases *in vivo*, and AMBN expression is correlated with pulmonary metastasis and prognosis in human osteosarcoma cases.\
(**A**) Photons from luciferase in primary tumors of empty and AMBN groups after 28 days were captured. (**B**) Quantification of photons from luciferase in the primary tumors is shown (*N* = 5). (**C**) The volume of primary tumors at indicated days is shown (*N* = 5). (**D**) Photons from luciferase in the lungs after 28 days were captured (left panels) and representative metastatic focus of lung in empty group is shown (right panel). Original magnification of the right panel: ×200. (**E**) Quantification of photons from luciferase in the lungs is shown (*N* = 5). (**F**) AMBN expression in 37 osteosarcoma cases was evaluated by immunohistochemical analysis. Specificity of anti-AMBN antibody was confirmed by using odontoma. AMBN protein was stained in ameloblasts and enamel. Arrow indicates ameloblasts and "E" indicates enamel (left panel). Representative tissue of AMBN staining in osteosarcoma cases is shown. AMBN was expressed in cytoplasm of osteosarcoma cells (right panel). (**G**) The correlation between AMBN expression and pulmonary metastasis is shown (*N* = 37, chi-squared test). \**P* \< 0.05. (**H**) The correlation between AMBN expression and survival rate for 37 patients with osteosarcoma was analyzed and shown as a Kaplan-Meier graph (*N* = 37, log-rank test). (**I**) In this model, AMBN inhibits Src activation (dephosphorylation at Y416) followed by Stat3 inactivation (dephosphorylation at Y705). Continuous inactivation of the Src-Stat3 pathway induces caspase-3 mediated apoptosis and chemosensitivity to doxorubicin, while suppresses colony formation, tumor growth and cell migration. These activities lead to the reduction of pulmonary metastasis. Mean ± SEM (**B**,**C**,**E**); \**P* \< 0.05.](srep40187-f4){#f4}

###### Correlation between Ameloblastin expression and lung metastasis.

                     Total   Ameloblastin expression   *P* value  
  ----------------- ------- ------------------------- ----------- -------
  Osteosarcoma        37               21                 16          
  Lung metastasis                                                 
   Negative           29               14                 15       0.047
   Positive            8                7                  1          

[^1]: These authors contributed equally to this work.
